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Results of the DIRT-1 program indicate that the broad particle size distribution
present in the dust generated . produced little if any wavelength
dependent transmission effects. The few observed exceptions where greater 10.6-um
transmission is indicated generally can be explained by the presence of wavelength-
dependent smoke along the optical path, which {8 also generated by the detonations,
Backscatter-to-transmission relationships are grossly related but, {n general, are
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10,6 um transmission measurements indicate .1f'voruo-cnse"’transmisslon of approxi-
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1 INTRODUCTION

Two-wavelength lidar measurements were made during the Dusty Infra- }
red Test 1 (DIRT-I) jprogram conducted at White Sands Missile Range (WSMR)
in October 1978. The U.S. Army Atmospheric Science Laboratory's 10.6~um
wavelength lidar system (ASL-lidar) and SRI International's 0.7-um ruby
lidar system (MK-IX) were operated over a common 2-km optical path during
the DIRT-I test. Static TNT charges, artillery rounds, live artillery
barrages, and an oil/rubber fire generated dust and smoke clouds in a test

zone midway (1 km) between the lidar systems and a beam-stop lidar target.

Primary lidar backscatter data for both wavelengths were recorded on

magnetic tape using the Mark 1X lidar data system while independent

10.6-um lidar transmiss{on data were recorded on strip chart in the ASL

lidar van. Photographs were also taken every 30 to 60 seconds during

I T AR

E each event of range-resolved 10.6-um backscatter amplitude data (A-scope

presentatfons). TV video recordings of the lidar optical path were also i
taken during the DIRT-1 events for safety, additional documentation, and

as an operational aid.

In this report, an outline of the two svstems and the two-system
interface will first be presented, followed by a discussion of operaticn,
data, and processing required to derive transmission comparisons. Selec-
ted events will be discussed {n detail in the text, and two-wavelength
comparison data for each event on the last two days of testing will be
appended. 1In addition, ASL lidar backscatter photographs and strip chart

data for the earlier events will be discussed.

It should be noted that while this report is primarily a DIRT-I

program lidar data report and review, a major objective of the lidar
participation during this test was to evaluate the performance of the

ASL lidar svsetem and to exwmine multiwavelength lidar techniques for




measurements of optical properties of battlefield dust and smoke. There-~
fore, the conclusions and recommendations at the end of this report will
address these objectives as well as the data results. Documentation
regarding the ASL lidar has been submitted as Technical Report 21. on

] this contrace.

* References are listed at the end of this report.




1T BACKCROUND

Recent military interest in methods to measure real-time, three-
dimensional distributions of density and optical parameters of dense
smoke and dust clouds led to a two-wavelength (0.7~um and 10.6-um) lidar
experiment to collect basic data on generated smoke clouds. The first
experiment was conducted at Dugway Proving Grounds in late 1977. Results
of this infti{al experiment are reported in Technical Report No. 12 on
this contract and were penerally consistent with theoretical data rela-
ting to acrosol particle-size distributions. The Dugway test clearly
fllustrated both the usefulness of long-wavelength lidar for detection
of large particle-size aerosols and its abflity to penetrate small
particle-size aerosols. The encouraging results of this first two-wave-
length lidar field test led to the construction of an improved 10.6-um
lidar system, the ASL lidar, which incorporated recommended improvements
resulting from the Dugway tests. The construction of the ASL lidar was
completed in time to participate in the scheduled field programs at
White Sands, New Mexico (DIRT-I October 1978) and the SMOKE WEEK-IT in
November 1978 at Eglin Air Force Base, Florida.

The primary objective of the DIRT-1 program is to evaluate various

techniques to measure physical and optical properties of battlefield dust.

The lidar technique represents one of the most promising techniques being
evaluated by the ASL. Following the DIRT-I test the ASL and SRI MARK 1IX
lidars participated in the SMOKE-WEEK-1I program in Florida. The SMOKE-
WEEK-11 data, which were gathered under funding by ASL and ARO, are now

being evaluated and will be included in the final report on this current

ARO contract.
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I11 EQUIPMENT AND OPERATING PROCEDURE

B e e e PN R—

The following descriptions outline the equipment and procedures
used during the DIRT-1 program; the illustration in Figure 1 indicates
the general experimental configuration. A detafled sfite description

may be found in Reference 3.

A.  ASL Lidar

The ASL lidar {s a 10.6-um wavelength system which is installed in .
the ASL's laser Doppler velocimeter (LDV) laser van. Specifications for % _
the svstem are given in Table 1 and a detailed system description can be ' i
found {n Technical Report No. 21 on this contract. Basically the system 3
is made up of two major system components: (1) a pulsed COz laser that :
generates a very short, high peak power IR pulse transmission, and (2) i L

a narrow field-of-view optical receiver that collects the backscattered : j

energy and directs the signal to an IR detector. After detection and
logarithmic ampli{fication, the signal is digitized by a high-speed trans-
fent recorder which provides range-resolved backscatter amplitude data
output in both digital and digitally-reconstructed analog (DAC) formats.
The digital output {s primarily intended for recording and processing use
while the DAC output is useful in observing the real-time backscatter

returns. A functional diagram of the ASL lidar is shown in Figure 2.

B. Mark IX Lidar System

|

The Mark IX lidar system is a self-contained mobile system operating
at the ruby wavelength of 0.6943 ym. Details of the system and specifi-
cations are shown in Figure 3 and a complete description is given in

Reference 4.

A principal feature of the Mark IX system is its digital data re-

cording, processing, and display aystem for real-time viewing of range-

resolved backscatter data in both A-scope and range-time-intensity (RTI)
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Table 1

ASL LIDAR SPECIFICATIONS

System Component

Specification

Comment s

Transmitter
Manufacturer
Type
Wavelength
Beam :aneter
Beam divergence
Operation

Frorgy
Pulsewidth
PRF (maximum)

Receiver
Telescope

Fleld of view
Detector

Postamplifier

Lumonics Research Ltd.,
Model TEA-101-2

co

‘.(“.f\ um

3.1 om

1.2 mrad

pulsed

250 m)

75 ns (FWHM)
1 pps

12-inch (30 cm),
Nevtonian

1.23 mrad

Honevwell Associates;

HrCdTe phot odiode;

- 10 L |
D= 1.3 x 10 cmlHzW

100 MHz BW
Linear: 26 dB gain,
100 MHz BW

Log: tangential
sensitivity -111 dBr;
*0.5 dB linearity over
80-dB range: 15-ns rise
time

o nitrogen gas
mix

LDV primary

IN;~cooled

1
Appendix G

Appendix "1

s ™

presentations. The recorded data can be processed after the event on the
Mark IX svstem's computer (PDP-11) or reformatted for processing on a
large, more versatile computer svstem. The latter processing is preferred
since there is generally only enough time to perform spot-check analysis
in the field due to the large amount of data collected during a field pro-
gram. Also, more efficient software can be utilized on a larger machine

and more useful plotting periphevrals are available.

Q




In addition to recording lidar data, the Mark IX {s equipped with
an integrating nephelometer that measured the in situ aerosol scattering
coefficient. This data i{s also recorded on the data svstem for post-

event analysis,

C. Two-Wavelength Lidar Interface

The current ASL lidar svstem is not equipped with a recording capa-
bility as its assocfated computer van {s being utilized on other ASL pro-
grams. To provide a processing capability during the DIRT-1 program and
the following SMOKE-WEEK-I1 program, the ASL lidar backscatter data were
recorded on the Mark IX li{dar data system on an alternate record basis
with backscatter signatures produced by the Mark IX lidar. The block
“Yagram shown in Figure & details the interface connections. The ASL
lidar control unit provides the lidar firing rates while interface con-
trol signals are developed by a tvo-lidar interface unit. Basically,
it ASL lidar control signal (pre-trig pulse) is sent to the lidar inter-
face unit located in the Mark IX lidar van; here control signals are gen-
erated to prepare the data system to accept ASL lidar backscatter data.

When the ASL lidar "fires" {t sends a "laser has fired" pulse to the

Mark IX transient recorder, and a 10.6-um (ASL lidar) backscatter record
fs digitized and recorded on nine-track tape. The lidar interface unit
then generates a second set of control signals that prepare the data
system to accept a 0.7-um (Mark IX) backscatter record and also sends a
fire pulse to the Mark IX ruby fire-control electronics. When the ruby
laser fires, a 0.7-um backscatter record {s digitized and recorded. This
sequence of events is repeated for each control signal from the ASL lidar.
For the DIRT~I program the firing rate was set for every 2 s with a 0.5-s

delav between the 10.6 um lidar firing and the 0.7 um firing.

D.  Operating Procedure

The general lidar operating procedure used during the DIRT-I program
was to start lidar operation prior to an event in order to record a suf-
ficient amount of pre-event data to establish reference conditions for

ba "kscatter and transmission analvsis. Operation would continue through

10
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the event and until backscatter conditions regained the pre-event values.
Prior to, or following, the scheduled events for a day the Mark IX lidar
would perform and record a standard system calibration using calibrated
optical attenuations, The Mark IX receiver gain control pates are checked
as part of this calibration procedure. The ASL lidar performed a simi-
lar calibration but used lavers of low-density polvethylene sheets placed
in the transmit beam to reduce the received reference signal return. By
inserting multiple layvers of polyethylene in equal amounts per step, a
receiver linearity and dynamic range calibration can be made by comparing
the changes with calibrated electrical attenuations., The calibration
example shown in Figure 5 is an example of a typical calibration recorded
on a strip chart. The calibration {s also digitally recorded on magnetic
tape. The electrical calibration on the left is performed by inserting :
electrical step attenuations between the receiver detector and post-
detector electronics, while the attenuation steps on the right are pro-

duced by the transmit beam attenuation method. Since the electrical

e i S E

calibration can be performed very easily, a calibration was generally
recorded efther before or after each event when the reference signal

represented clear-air conditions.
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IV DATA INVENTORY

The lidar data collected during the DIRT-I program are in several

different formats as follows:

0.7 um and 10.6 um Digitized Backscatter Data--These primary two-

wavelength data were recorded on magnetic tape for all events following
the two-system interface on October 5, 1978. Prior to the system inter-
face only O.7-um data are available on tape; no tape data are available
for the Al-A4 test series as the Mark IX did not arrive on site until
October 2, 1978, It should be noted that at some point between October
10 and 13 a digitizer problem developed in the Mark IX digitizer, degrad-
ing the amplitude resolution of digital data going onto tape. The prob-
lem was traced to a faulty tri-state semiconductor device controlling the
"32"-weighted bit output and {s the cause of the poor resolution evident
in the October 13 data presented in Appendix A. The problem was solved
prior to recording the October 14 data (Appendix B) by using the ASL trans-

fent recorder digital output card.

10.6 um Strip Chart Data--This data (enmergy output and target

return amplitude) exist for all events in linear and log-amplitude

strip chart format. The strip chart data have been digitized using a
hand-trace digitizer so that the data can be computer-processed. Ex-
amples of the strip chart and digitized computer-processed data are

showr. in Figure 6. The upper trace on the strip chart data is an ex-
ample of typical 10.6 um energy variations during a data run (< * 5%).
The lower strip chart record i{s an actual event (A-4) of target signal
amplitude variations. The computer-processed transmission plot shown

in Figure 6b was derived from the digitized strip chart data.

15
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10.6 um Range-Resolved Backscatter Photographs--A polaroid photo-

graph sequence of 10.6 um backscatter data is available for each event,
with the exception of D1-D4 and F1-F4 when the ASL digitizer developed
problems. Examples of the range-resolved backscatter sequences are pre-
sented in this report (in the discussion of data analysis in Section V)
along with transmission plots to aid in understanding transmission

changes taking place and to observe cloud structure during the events.

Table 2 is an inventory and summary of data collected during the

DIRT-1 program.

In addition to the above data, TV video records (video tape) of the
lidar optical path were made during each event. A review of this data
during data analysis provides helpful information about conditions such

as wind direction and evidence of smoke in the test zone.
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Table 2

LIDAR DATA INVENTORY

Data*
Date Event 1 2 ' 4 5 Comment s
Oct. 2 A-1 X v . . B X = not available;
A-2 X v . . . Mark IX not on site
A~} X . . . .
pofl X ; ¥ 3 ’ ¢ = data avallable
{ wet, ) 5-1 . " . v " * » 0.7 um data onlv;
82 * . . v . two-wave length (nter=-
[ * P P ‘ . face not complete
LE . . ‘. .
8- ¢ v . . .
L . . . . ,
8- . . ’ '
5-8 ‘ ' v '
Oct 5 c-1 ¥ . . ‘. . :
Oce., 6 v " . N X X = not avallable; 3
v . . v X ASL 1idar digitizer
3 ¢ . . . X malfunction
. . . . . X
. 1 { . . . v .
Oce. 11 £l . v v v ¢
2=3 ‘ K v v ¥ 3
E-) v . . . v
| RN . . . . .
t Oce. 12 ¥F-1 ¥ . ‘ v X X = not available 1
| v " " ' A AST 1idar digitizer
Fa3 . . ¥ ‘ X malfuncetion
Fed -X X X X X
4 ~X (F=&4) = live 155
et . 13 F- ' v v ‘ ‘ = 2 g
ok e d L v v e rounds missed test
p-? ¢ y ' y y R
PR v . v ' v
Yoo " £-9 P . . v v
You 0 . . . v
£~7 ' . . ’ .
F-8 . . . . .
£-9 v v N v '
E-10 * . . . .
Oct. 14 G-1 ' ‘ X v ‘

* 1. Digitized 0.7 and 10.6 y» range-resolved backscatter data;
9«track magnetic tape.
2. 10.6 um target return amplitude data; strip chart recordings.
1. 10,6 ym digitized target return data: IRM card/tape format.
4. 10,6 um energy output; strip chart recordings.
5. 10.6 .» range-reaolved backscatter: (A-scope) photographs;
polaroid sequence.
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V  DATA PROCESSING AND ANALYSIS

A. Processing

Two-Wavelength Data--The digitized two-wavelength lidar data taken
during the DIRT-I program provides the most useful lidar information
obtained because {t ca. be processed to provide a variety of information.
In this report we have processed the data to provide transmission com~
parisons between the two wavelengths, but other information such as com-
parisons of range-resclved backscatter, optical depth, peak backscatter,
plume opacity, or profiles of relative plume density can also be derived.
As already stated, the primary purpose of this program was the evalua-~
tion of the capabilities of the ASL lidar system for observations of

dense smoke and dust and not a quantitative evaluation of cloud density.

In order to obzain transmissfon i{nformation from the backscatter

target returns, a calibration relating the receiver light input to digi-
tizer output must be derived for both wavelengths. The calibration

procedures discussed in Section IV provide this information.

In general, the Mark IX receiver is well characterized with respect
to laser energy backscattered by the atmosphere and passive reflective
targets, and only occasional calibrations are required. However, because
two wavelengths are involved and several different interface configura-
tions were evaluated during the DIRT-1 program, a separate calibration
was performed each day. Moreover, the problem of nonlinearity in re-
sponse to the high-amplitude reference target signal, as observed during
the Dugway program, can be compensated for with daily calibrations.

This was not a problem during the DIRT-1 program because more operation-
al time was available to characterize the response. There is no non-
linear response observed in the 10.6 um data as indicated by the cali-

bration record shown in Figure 5.

Having established the two-wavelength system response characteris-

tics, transmission values are derived by comparing the signal return,
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as a function of time, with respect to an average value obtained during
the pre-test (clear air) conditions. Since the data is recorded loga-
rithmically, the data must first be linearized before performing the
averaging function on the clear-air values. The transmission values
derived in this manner experience two-way path loss attenuation so that
the apparent transmission losses must be divided by two (2) when dis-
playing single-pass transmission values, Visible and infrared trans-

mission plots are shown later in this section and Appendices A and B.

B. Analysis

Analysis of the two-wavelength lidar data presented in Appendices
A and B indicate that, with the exception of events C-2, F-7, and G-1,
l{etle difference {n transmissfon is observed. The data are surprisingly
conaistent regarding recovery times, and the various two-wavelength trans- 1 3
mission feature changes (cloud density varfations) track very closely.
This suggests that the slight differences i{n sample time (0.5 sec) and
optical path (approximately 2 m in test zone) do not represent a signi-
ficant problem in measurements of dust clouds. The lack of wavelength
dependence in the measurements {ndicates that the particle size distri-
bution in the generated dust clouds at White Sands is quite broad and
that a rather substantial proportion of large particles =0 ym) exists.
This {s consistent with preliminary size distribution ml'.l.‘-l;fl~m('ﬁ‘-‘“ made
during two events (F-6 and C-1) of the DIRT-1 program. The two dust
svents that indicate a noticeable transmission difference are the C-2
and F-7 events, and they are addressed in detafl in the following dis-

cussions., Also, the oil/rubber fire event (G-1) will be discussed.

C-2-=0October 10, 1978--This event was one of two large-scale deton-

ations where 140-TNT charges were fired simultanecusly in a uniformliy-

distributed array covering a substantial area of the test zone. A major
reason for the large coverage was to minimize the effect of wind direc-

tion on the results.
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The 10.6 um backscatter record at time zero (T=0) in Figure 7

shows that a clear air backscatter signature exists; that is, only atmo-
spheric scatter and the scatter from the reference beam-stop target at

2 km ave observed along the lidar path. The small return seen at 100 m
is of f~axis reflection trom a reflector placed there to provide a range
mark reference. The corresponding time on the transmission plot shown
in Figure 8 indicates a value greater than 100X for the 10 um data and
less than 1002 for the 0.7 um data which, of course, cannot be the case.
The reason for this anomaly is that the pre-event background data could
not be used in this case to establish the transmission reference signal
because the detonation shock wave altered the lidar optical alignments.

For this reason, post-event conditions were used to establish the trans-

missfion reference, and data before T=0 should be ignored. At T+2
(Figure 7) complete blockage of the 2-km target signal is observed and
{s caused by the extremely dense dust cloud in the test zone. The very
sharp pulse at approximately 900~m range indicates that there is little
penctration {nto the cloud by the laser pulse. By T+30 s stratified
cloud structure can be seen {n front of the main cloud, but the main
cloud density still blocks any penetration. This condition continues in
examples T+l min and T+2 min, and ft appears that the very dense cloud
structure {5 efither growing i{n size or moving in the direction of the
lidar. By T4 min the cloud density along the lidar path i{s reduced
such that the target return i{s now observed, and density structure can
be observed on the back side of the cloud. It is also obvious that the

cloud is moving toward the lidar {nstrumentation arca. The transmission

plot (Figure 8) shows that both wavelengths appear to recover from total

transmission outage at the same time, but by T+3 min (and through T+15
min) there {s a definite transmigsion difference between the 10.6-um and
0.7=-um wavelengths., The remaining backscatter records, T+4 through T+16
min, illustrate the lidar's ability to track dust cloud movements and,
in this case, the cloud drifts in the direction of the lidar and through

the instrumentation area.

From the lidar data presented here it would appear that there is
indeed a wavelength-dependent mechanism present in the dust cloud gen-

erated in this event. However, since only one other dust event (E-7,

21




- MO

'

WOCTONE S 1o

DATA

ATTER




| ¢ 1B i o i B i | : e 1
o b i
a
>
e { E
R
— - 4
£ 1 :
b
- 4
£
9 1
| fr 1
E b 5 -
- 4
[ 4 4
w!'! s VISIBLE 07 wm)
: o INFRARED (108 um! ]
- =
| 5 o R g i e VLT S e S
0 2 * 6 L.} 10 12 14 16 18
TiveE e

FIGURE B  EVENT C-2 TWO-WAVELENGTH TRANSMISSION




discussed below) indicates any significant difference in transmission

the C-2 data was re-evaluated several times for possible errors. No

measurement or processing errors were discovered, but a review of the
TV observations (which also include recorded volce comments) indicates
that a large amount of smoke was generated during this event and {s pro- ; 1
bably the wavelength-dependent mechanism responsible for the apparent

anomaly with respect to the other data.

{:1::9££SQQEHLQL7[Q{S--ThlN event consisted of three statically-
detonated, 155-mm howitzer rounds slanted at a 30" angle to the vertical,
0.03 m below ground level, covered with loose {11, and placed 20 m

apart. The event was similar to the other E-series detonations except

for minor orientation and placement differences.

The E-7 event s the second event that indicated a significant
difference in transmissfon, and {t warrants specfal review. The back-
scatter data sequence shown in Figure 9 can be interpreted in a manner
similar to that for the previouslyv-discussed C-2 data. The abhsence of
any target return in the first photo at T+2 s (T=0 photograph not taken)
indfcates total blockage of the laser beam; the very sharp pulse in the
test zone is indicative of little or no penetration into the dust cloud.
T+l min fndicates little change other than the pulse being a bit wider, b
indicating some penetration (pulse integration with range). Also, the
leading edge of the cloud has moved inward in range by approximately 100 m.
By T+1 min the cloud density is reduced such that the target is now
visible on the backscatter signature. At this time (and through T+4
min) the cloud {s contained {n a very tight volume as can be seen by the
lack of f{rregular density structure in the cloud. This, however, does
not imply that there are not fine density variations within the cloud;
however, within the range resolution capability of the 10.6 um lidar
(30 m) the structure appears rather uniform. Within this time frame
(#1 to +4 minutes) the transmission difference between 0.7 um and 10.6 um
is significant, as seen in Figure 10. The transmission plot shows that

both wavelengths start to recover from total outage at the same time and

»
e, somesl

both exhibit the same general recovery shape. The 10.6-um transmission,

however, is measurably greater during this perfod. After T44 min the
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cloud begins to break up, as seen in the remaining backscatter photo=-
graphs, and transmission continues to recover. The difference in trans-
missions between 0.7 um and 10.6 um disappears after T+4 min which in-
dicates that the integrated attenuations of the multiple-plume cloud
structure is not wavelength-dependent. From an evaluation of the data
between T+3 and T+4 min more closely, and a review of the TV recordings
of the event, it is quite evident that the wind in the test zone during
the event could be responsible for the transmission difference if there
are fine density variations within the cloud. Another possible expla-
nation is that wavelength-dependent smoke generated along with the dust
c¢loud is present during that time frame. A more careful look at other
E-series events (Appendix B) indicates that there is a small but similar

anomaly during the transmission recovery in several of the events.

diesel fuel, oil, and rubber fire burning from a trench in the center of
the test zone. Large volumes of black smoke were produced for a period
of approximately 37 min, but due to the variable wind conditions, the
plumes of smoke moved intermittently in and out of the lidar optical
path. Total blockage of the 0,.7-um transmission was observed quite

often as the plumes crossed the optical path as seen in the transmission
plot (Figure 11). The transmission plot also shows that the 10.6 um
transmission was never totally blocked. The backscatter record, which
represents the maximum attenuation observed and is also shown in Figure
11, was calibrated after the event in clear-air conditions and found to
represent 12.2 dB attenuation (about 6% transmission). This large wave-
length differentfal is similar to previous smoke test data results whicn
were explained by relating aerosol extinction at the two wavelengths to
particle size distribution. Use of the same analogy would suggest that
the smoke generated in the DIRT-1 event was primarily of small particle-
sfze particulates. However, preliminary particle size distribution dnta3
for the event indicates that the particle size distribution is similar to
that measured during the dust events where no wavelength dependence is ob-
served. Resolution of this anomaly will require an analysis bevond the

scope of this report and will require a knowledge of the refractive in-

dices and absorption coefficients of the smoke particulates.
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VI CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

Results of the DIRT-1 program indicate t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>